The capillary filtration coefficient was measured in human extremities by a simplified technique using the capacitance plethysmograph. The method was validated in terms of consistency of values obtained on the same individual at various times, the correspondence between values obtained on a group of normal persons, and the agreement between values reported here and those of earlier workers made under corresponding environmental conditions and duration of measurement after venous occlusion. The technique was used to evaluate the change in capillary filtration coefficient in the calves of subjects when ambient temperature was increased from 20° to 35°C. Corresponding measurements of total blood flow in this segment and determinations of the clearance of iodide ion from pretibial intradermal depots were made in both environments. Cutaneous blood flow increased by almost 170% and the capillary filtration coefficient by about 40%, whereas the clearance did not change. It is concluded that neither the capillary filtration coefficient nor the clearance of isotopes from tissue depots has been established as a valid measure of capillary surface area. The possibility that during venous occlusion, fluid accumulated primarily in the subcutaneous tissues of the extremity is suggested and discussed.
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• The measurement of the capillary filtration coefficient in the tissues of man, although desirable, has been attempted only infrequently. Apparently, technical difficulties involved, in the use of pressure plethysmography (1), as well as reservations regarding the significance of the data obtained (2) , have discouraged more widespread application of the method. We have examined the feasibility of a simplified technique for assessing this coefficient and have reviewed the earlier studies of it in both man and animals. This report describes the method we propose and presents data which attest to its validity. We have measured changes in the capillary This investigation was supported in part by U. S. Public Health Service Research Grant HE 00352-17 from the National Heart Institute.
Accepted for publication December 6, 1967. filtration coefficient in calf tissues of subjects exposed to increased environmental temperature and have evaluated blood flow and tissue clearance under the same conditions. Several recent studies (3) (4) (5) have implied that the capillary filtration coefficient may be used as a measure of the exchange area and the state of the precapillary sphincters. This assumption has been challenged (6) because there is no totally acceptable definition of "capillary surface area" since various alleged measures of this area fail to give equivalent results, and because the theoretical rationalization of this as the best measure is not established. The present study provides another instance of lack of correlation between measurements of capillary filtration coefficient and tissue clearance.
Methods
The capacitance plethysmograph used was that described in earlier studies (7) . Because 
Charge displacement calibration system. Copper strips (hatching) separated by vinyl (solid). Lower strips are connected to skin at all times; relay can be activated to connect upper strips to this potential.
calibration of the volume detector by electrical techniques like those suggested by Figar (8) or by Fewings and Whelan (9) is not applicable to our variable cuff system, we developed alternatives. Satisfactory calibrations have been obtained by noting changes in output when measured volumes of saline were added to, or removed from, a flat bag attached to the skin beneath the capacitance screen (7), but technical difficulties made modifications desirable. The simple electrical system described below proved to be more consistent and practical.
The capacitance plethysmograph measures the mean distance between the charged layers on the "hot screen" and on the surface of the skin, so that displacement of a fixed area of the charge from the skin layer through a known distance toward the screen should serve to calibrate the system. Six strips, each 0.6 cm wide and 4.5 cm long, made up of vinyl plastic 1 mm thick separating two layers of copper foil (Fig. 1, upper diagram) are interconnected and applied around the part, with arrangements to assure connection of the lower strips to the skin. 1 For each calibration, the upper set of copper strips is short circuited to the same potential; this effectively moves the charges iThe materials from which this calibrating system was built were generously supplied by the Remco Tape Products Company of North Hollywood, California. from a corresponding area of skin through 1 mm to the upper level. Because the strips are placed at intervals around the segment and oriented parallel to the axis of the part, some of the inherent asymmetries of the cuff-skin spacing are averaged out. A miniature relay, which serves to connect the upper set of strips to skin potential, is mounted as close as possible to the calibrator and is activated from a remote switch.
Because direct calculation of the equivalent volume of this calibrator did not prove satisfactory, we compared the change in output with the calibration by the saline bag. In addition, a saline-filled truncated cone was prepared to simulate a forearm, to provide an independent physical evaluation of the equivalent volume of the calibrator.
Injection of measured volumes of saline into both of these systems showed that the charge displacement method provides consistent and reproducible results and that the equivalent volume is independent of the way in which the cuff is applied or, within limits, the shape of the segment used. The data plotted in Figure 2 also confirm the linearity of the capacitance plethysmograph for volume changes up to at least 10 ml. The experimental results reported in this study are based on calibrations by this technique; the calibrators used had an equivalent volume of 1.45 ml.
To simulate the pressure plethysmograph, a cuff 10 cm wide was placed between the skin and the capacitance detector, as described earlier (10) . Veins were occluded by a proximal congesting cuff connected to a regulated pressure source capable of maintaining the desired inflation for periods of an hour with deviations of less than 1 mm Hg. The general arrangements are shown in Figure 3 . Most of the capillary filtration coefficients reported in the literature were determined on the forearm in man. We therefore performed our preliminary evaluations on this same segment for direct comparisons. The experimental studies on the effects of elevated temperatures, however, were made on the calf. Although the results obtained in the two areas proved to be reasonably comparable, the data are reported separately.
A typical forearm response without counterpressure is shown in Figure 4 . In most subjects, when the extremity was supported above the phlebostatic level, the slope of the volume record between 3 and 15 minutes after venous occlusion appeared constant and was considered to be the filtration rate. Filtration rates, measured under constant conditions, plotted against venous occlusion pressure, consistently resulted in a straight-line relationship crossing the pressure axis at a value close to 15 mm Hg. The slope of this line-the capillary filtration coefficient-agreed with previously reported values.
In each case the separate filtration rates were used to construct a curve from which to calculate the capillary filtration coefficient for that condition. These individual coefficients are reported in Tables 2 through 4 .
Several preliminary experiments were undertaken to validate this simplified technique. First, a pressure cuff around the forearm was inflated to pressures from 5 to 20 mm Hg to change tissue pressure; transmural pressure in the filtration area was assumed to be proportional to the difference between that in the venous occlusion cuff and the counterpressure cuff. Filtration rate was measured as described above at several pairs of absolute pressure in the occlusion and the counterpressure cuff, and those at equivalent "transmural pressures" were compared. Second, six determinations of capillary filtration coefficient were made on the forearm of a single subject at different times during 9 months. Third, interpersonal variation of the measurement was estimated from a series of similar determinations made on the forearms of 11 normal subjects.
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Favorable results of these preliminary studies encouraged us to use this technique to evaluate thermally induced changes in the capillary filtration coefficient in the tissue of the calf. Measurements were made on the calf of each of 28 subjects, at 20°C and approximately 40% relative humidity, and again at 35°C and 40% relative humidity. The subject lay on a bed with his leg supported to hold the calf above heart level. After 30 minutes a full set of determinations was made. The temperature of the room was changed, and 30 minutes later a second set of measurements was made. In addition to the capillary filtration coefficient, each evaluation included a plethysmographic estimate of the initial rapid change in volume of the calf. The volume curve during the 20 to 40 seconds immediately after venous occlusion measures the rate of filling of the venous reservoir in the segment. Because blood flow at the ankle was not occluded in the system used for measurement of filtration rate, the rate of volume increase of the calf is confused by the contribution of a variable volume returning from the more distal tissues, and so cannot be considered a valid measurement of local blood flow in the calf segment" (11) . Except for lack of distal occlusion, the method of approximating blood flow followed that already published (7) . To obtain more exact figures, blood flow in deep and superficial tissues was estimated by the counterpressure plethysmographic technique with ankle occlusion, and exchange function of the circulation in the pretibial skin was evaluated in eight other subjects under the same environmental conditions. The changes Calibration 1.46 ml - 2 Filtration of fluid into forearm or calf tissue during venous occlusion, unlike blood flow measurement, is uninfluenced by the distal cuff. The latter measurement is derived from the rate of filling of the previously empty vein in the segment; these fill partly with blood from the local tissues and partly with venous blood returning from the more distal portion of the extremity. Filtration depends on an elevated transmural pressure in the vessels in the filtration area, and distal occlusion has little or no influence on this. The prolonged periods during which filtration is followed (from 15 minutes in the present study to several hours in earlier studies) make it impossible to maintain arterial occlusion throughout Thus, for theoretical reasons, filtration coefficient measurements do not require distal arterial occlusion, and for practical reasons this procedure cannot be employed.
MINUTES FIGURE 4
Typical record of forearm volume after venous occlusion. Note the change in time scale at the vertical dashed lines. Scale on ordinate is derived from the calibrations marked at the end of the curve.
in total blood flow in the two groups agreed reasonably well. The exchange function in the second group was measured by the method of tissue clearance (12) . Nal 131 (0.2 to 0.6 pc) in a volume not exceeding .05 ml was injected intradermally in the pretibial area so as to cause an obvious bleb. The activity remaining at the injected depot was monitored by a scintillation counter and rate meter. The data were converted to a semilog plot, and the clearance was expressed as the exponential rate of decline. Table 1 summarizes the results of the first preliminary experiment on the forearm of a single subject. A "transmural" pressure of 35 mm Hg was achieved by four different combinations of venous occlusion and counterpressures, viz., 40-5; 45-10; 50-15; and 55-20 mm Hg, and the respective filtration rates were .070, .073, .072 and .074 ml/100 ml tissue per minute. Pressure combinations that Table 2 . The mean capillary filtration coefficient, .0049 ± .0007, agrees with values reported in earlier studies when observations were limited to the same short time after occlusion (13) . Similarly, the mean of the coefficients obtained on the group of eight untrained subjects was .0058±.0022 ml/100 ml per minute per mm Hg (Table 2 ). Figure 5 is a plot of the filtration rates in the calf in a typical experiment in which the subject was exposed to two environmental temperatures. for the intercepts of the entire group of 28 subjects at 20 and 35°C were 14.2 ± 6.9 and 14.4 ± 5.9, respectively. The capillary filtration coefficients for the calf obtained in similar experiments on 28 normal subjects are presented in Table 3 . The last column in this table indicates the change in the capillary filtration coefficient; the mean change was +39%. The average of the data collected in the 20°C environment agrees with that of our early series on the forearm and is significantly lower than the mean of those in the warmer environment. The increase in ambient temperature is clearly associated with an increase in the capillary filtration coefficient. The increase in total "blood flow" averaged 11535. In the eight subjects whose calf blood flows were measured with distal occlusion (Table  4 ) the increase in total flow was about 72%. The greater increase in the first group probably reflects the contribution of venous return from the feet with markedly dilated vessels to the measurements without occlusion at the ankle. The estimated increase in cutaneous flow in the calf segments of subjects reported in Table 4 (about 170%) and the lack of change in flow through muscle are consisVenous Occlusion Pressure (mm Hg)
Results
for such a combination. Substantially similar results have been obtained in two other experiments of this kind. The relationship is not maintained when the venous occlusion pressure exceeds 60 mm Hg. Results of the successive tests on a single subject are shown in
FIGURE 5

Filtration rate as a function of venous occlusion pressure in the calf of a single subject. Squares = measurements in cool environment (20°C); circles = measurements in warm environment (35° C).
Circulation Rtsearcb, Vol. XXII, Ptbrtxtry 1968 . tent with the argument that thermoregulatory vasodilation is limited to the skin. That clearance of lipid-insoluble ions from cutaneous tissue is unaltered while blood flow is markedly increased has been reported earlier (13, 14) .
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Discussion
The volume increase measured by a simple plethysmograph during prolonged venous occlusion (15) might be attributed to interstitial fluid accumulation, active modification in vascular caliber or a slow continuous increase in venous capacity. Krogh et al. (16) used the pressure plethysmograph to circumvent this objection; it theoretically determines the volume of the segment after collapse of all vascular components. Although a counterpressure of 55 cm water was at first thought to be sufficient to empty the vessels in a limb in which arterial inflow had been stopped, Landis and Gibbon (17) and Brown et al. (1) found it necessary to increase counterpressure to 200 mm Hg. The technique has proved to be relatively satisfactory and has provided consistent and useful data (18) .
According to Landis and Gibbon (17) the rate of increase of volume between 5 and 15 minutes after venous occlusion, measured by a simple plethysmograph, appears to be 10$ greater than that found by the technique in which the high counterpressure was applied; after 15 minutes, the apparent rates of increase were identical. These experiments sugCircnUticm Research, Vol. XXJI, Febrmiry 1968 gest that the progressive venous dilation contributes less than 10$ to the measurement and makes this small contribution only during the first 15 minutes of observation. The work of Brown et al. (1) offers an alternative explanation of the difference. Each compression for determination of reduced arm volume apparently forces some tissue fluid from the segment. This artifact, rather than a progressive change in venous capacity, might explain the difference between the two measurements.
Validity of the simple plethysmographic measurement of capillary filtration is further supported by correspondence with results of calculation based on hemoconcentration in congested veins. Landis et al. (19) and Henry and co-workers (20) measured hemoglobin and plasma protein concentration in blood samples from veins during continuous venous occlusion. Since this technique does not depend on measurement of volume change, it cannot reflect continuing venous distention. The following calculations are based on data from Figure 1 in the study by Landis et al. (19) .
Hemoconcentration during prolonged congestion at 60 mm Hg implies a mean loss of 8 ml of filtrate from each 100 ml of blood. Since the line relating fluid loss to venous congesting pressure intersects the abcissa at approximately 17 mm Hg, the increment in effective filtration force is 60 minus 17, or 43 mm Hg.
Thus, about 0.2 ml of fluid is lost from each 100 ml of blood when the pressure increases by 1 mm Hg. To compare this rate with the capillary filtration coefficient measured plethysmographically requires an estimate of blood flow in the segment under the conditions of the experiment. Because of the venous occlusion, the blood flow is probably less than normal: 2 ml/100 ml tissue per minute may be assumed a reasonable value. Thus, each 100 ml of tissue would receive (2/100). X (0.2) ml of filtrate each minute for each mm Hg increase in filtration force; therefore, from the hemoconcentration data, one can calculate a capillary filtration coefficient of approximately 0.004 ml/100 ml tissue per minute per mm Hg; this compares well with the results of plethysmographic studies for corresponding periods of occlusion.
In the present studies all measurements of capillary filtration rate are based on a continuous tracing of segment volume (Fig. 4) during the initial 10 to 15 minutes of the curve. From this we select the part that approximates a straight-line function, usually between 3 and 15 minutes after venous occlusion. Where active venomotor changes occur, they are directly apparent as oscillations on a progressively rising curve.
Krogh and co-workers (16) calculated the "capillary filtration coefficient" (i.e., the change in filtration per unit volume of tissue per unit increment in congesting pressure ) from rates determined at several venous occlusion pressures. They found a relatively consistent capillary filtration coefficient, viz., a 1-mm increment in congesting pressure in the range between about 20 and 60 mm Hg, moves approximately 0.004 ml of fluid into each 100 ml of tissue during each minute. The control capillary filtration coefficient obtained in the present study was about 20% greater than this value, but compares well with rates reported by others (17) when measurements were made during the first 10 minutes after occlusions.
The validity of the technique here recommended is implied by the results of the preliminary studies. The filtration rate at any transmural pressure appears to be independent of the actual venous occlusion pressure and counterpressure employed ( Table 1 ). The consistency of the test-retest data (Table 2) and the minimal variation between subjects in a similar group (Table 2) provide further confirmation. In addition, the intercept of the curves relating filtration rates to transmural pressure are consistent and are similar to those reported in studies using the pressure plethysmograph. The intercept may be due in part to a failure of exact transmission of the total pressure in the occlusion cuff to the deep veins which would permit escape of venous blood below the set occlusion pressure or, alternatively, the plasma proteins may contribute to a counter force that opposes the apparent filtration pressure.
The effect of increased environmental temperatures on the capillary filtration coefficient has been the subject of several studies. For example, Drury and Jones (15) , showed that venous congestion causes more rapid increases in leg volume in the heat. Investigators have tried to separate the effects of local heating, induced by immersing the extremity in warm water, from thermally induced reflex vasodUation. The capillary filtration coefficient is at a minimum when the limb is immersed in water at 14 to 15°C, and either decrease or increase of local temperature increases the capillary filtration coefficient (1, 17, 18) . On the other hand, the hyperemia induced by reflex heating does not change the capillary filtration coefficient (18) . These stimuli differ in at least two ways: immersion in water for prolonged periods may modify the temperature and blood flow of the deeper tissues (21) , while the effects of reflex heating are clearly restricted to the more superficial tissues (10); and second, increased tissue temperature raises local metabolism of all the tissues and thus acts directly on all vascular smooth muscle in the segment (22) . Microcirculatory dynamics would be affected differently by the more restricted, directed ivasomotor nervous impulses. Exposure of the subject to a room temperature of 35°C for 30 to 90 minutes changes both local temperaCircuUtion Restarcb, Vol. XXII, Febnurj 1968 ture and, as indicated by sweating, body temperature. However, all comparisons are made with changes in blood flow and in clearance of isotopes from the part under exactly the same mixed stress conditions. Theoretically, the capillary filtration coefficient might reflect three relatively independent changes: (1) an increase in capillary filtration area, (2) a shift in the ratio of preto postcapillary resistance, or (3) diversion of flow to distensible tissues where edema causes minimal tissue pressure increase. Local heating in other systems has been shown to increase the rate of removal of water-soluble crystalloids (22) ; if interpreted as an increase in the number of patent capillaries, this might be expected to increase capillary filtration coefficient. That the second mechanism may operate in reflex heating is implied by work on animals (4), and by the direct capillary pressure measurements in human skin reported by Landis (23) . Such a shift in resistance would change the relationship between the applied venous occlusion pressure and the effective capillary filtration pressure, and therefore the apparent capillary filtration coefficient. The pressure in the segment of the vascular tree where filtration takes place is usually deduced from the following considerations. After application of venous occlusion, escape of blood from the veins at first stops, but ultimately is restored when the pressure in these vessels rises to exceed the occluding pressure. Under steady-state conditions, the pressure in the capillaries must exceed the pressure in the veins and, therefore, the pressure in the occluding cuff. If the relationship between the resistances of the pre-and postfiltration areas remains constant, pressure in the filtration area can be assumed to be proportional to the occluding pressure. Evaluation of the proportionality constant is difficult. On the basis of relationships in uncongested vascular beds, earlier workers (18) have argued that the change in effective filtration is 80% of the change in venous occlusion pressure. In the present study, the equally arbitrary assumption was made that capillary pressure changes are equal Circulation Restrrch, Vol. XXII, February 1968 to the changes in applied occlusion pressure. In either case, a shift in the site of resistance when temperature is changed would alter the actual pressure in the filtration area for any applied occlusion pressure, and hence alter the apparent capillary filtration coefficient.
The third mechanism, an increased flow through the more easily distensible subcutaneous connective tissue, is operative in both local and reflex heating. The increment in flow through the forearm or calf during body heating is limited to the superficial tissues. When a part is immersed in hot water, a temperature gradient from the surface to the deeper tissues has been demonstrated. Since blood flow tends to be proportional to local temperature, it is highly probable that local heating too would influence chiefly flow through superficial tissues.
Since the plethysmographic method cannot distinguish between fluid accumulation in the separate tissues of the extremity, it cannot rule out the possibility that filtration is chiefly into subcutaneous tissues. The precise relationship between calculated transmural pressures and apparent filtration rates found in our initial studies implies unattenuated transmission of the counterpressure to the tissues in which filtration is occurring. Such exact transmission is not likely to occur in the deeper tissues. A non-uniform distribution of prolonged outward filtration of fluid is further supported by the observation (24) that intravenously administered saline increased water and salt content in the subcutaneous tissues, with little or no change in muscle. Increased capillary filtration coefficient during local muscular activity has been reported (3, 25) and Kjellmer (26) finds increases in muscle volume during exercise, but these studies provide no comparisons from which to evaluate the relative ease of edema formation in the several tissues.
The data obtained in the present experiment indicate that the capillary filtration coefficient increases less than blood flow, but much more than the movement of ions. These unequal responses are similar to the qualitative discrepancy between the capillary filtra-tion coefficient measured by Cobbold and co-workers (3) and the movement of ions reported by Hyman and co-workers (27) . The former workers found that the capillary filtration coefficient in skeletal muscle increases during stimulation of sympathetic constrictor fibers; the latter group report that removal of iodide or sodium ions from depots in muscle of similar animal preparations decreases. Both groups report similar increases when the blood flow through the tissue is increased by muscular work.
